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Basic Assumptions of Nuclear Many-Body Theory

e The relevant degrees of freedom are:
position r;, spino;:1,| & isospin 7;: p (proton),n (neutron)

of i = 1, A Nucleons

e The velocities of nucleons in nuclei are “small”

Nuclei : kr =133 fm™! v/c =028 (v/c)*=0.08
Neutron Stars : kr = 2.66 fm™' v/c=0.56 (v/c)?=0.32

We Assume : (vStatic | ystatic) 5, LS , ,quadratic
1 ijk i) i) a

: 1 st onden owly
H= zi;_%-v? + gjv:;‘tk+i<§:<e hatic i{:j(vf‘j"’+v,’“‘j )
v = 3 uy(ri) OF
’ p=16 ’ } Cowblere Makhc
OZ':I’G = [1, g; - 0j, S,] X [1, Ti * Tj]

Cowmplete
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U?juadratlc — vfj (depend on P?,') + 6U(P§j) (depend on P?j @ \S}y On A oL

ake Chaicen COwplevre
VZiete . Spin — Isospin dependent static three nucleon interactions
™Make choice)

e We Assume The Range Expansion:

I 2% R
'U;'j o= vij + vij + vij

Vijk = VJZ + V.é"i + Vifk

L“*""\/ SE -

Fuyre -Miyazawa



Pion Exchange and Phenomenological Interactions In

Urbana-Argonne Interaction Models

The One-Pion Exchange Potential M = bion mann

v (r) = —f"NN p 1T [Te(r)Si2 + Ya(r)oy - 09],
_“r
Ya(r) = e“r (1 - e"’J)
Tr(r) = (1 2 —3——) e (1 - e—c"’)2
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Representation of v?f

Niglect Amallen termh
= ;Ipﬁ(")oipj € w T Vo & \(‘;-

Strengths I, are obtained by fitting the NN scattering data « ( Su{fici em‘h)

do Keep T o0
Representation of v/} ® 2 vy
vg = Y [Pp + urQp + (ur)*Ry| W (r)O%; .
! -CnN

W(r) = [l-i-e('"""’)/"]—l : Woods Saxon VN €,

o

One of B, @, and R, is constrained by r — 0 behavior of v*(r)
Other two are determined by fitting the scattering data

Representation of ng aclond CQ\QAG}Q—A .

2 n,1A
‘/1]’6 = A2‘K0g]wk + A3ﬂ’ g]k + A ijk

O = = THry)T2ri) & Pomurmed O e
cydlic Aheonehead guadome
The strengths As., Asr and Ap obtained by fitting energies of light nuclei

and equilibrium density of symmetric nuclear matter.
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Historical Development

e 1981 Friedman-Pandharipande FHNC-SOC-2 Calculations

In FHNC-SOC-2 calculations 2-body cluster contribution is exact,

> 3 clusters are approximately summed by chain summation methods.
Use the Urbana vq4 interaction + density dependent terms to mock up
ffects of V;;x. Neglect dv(P;;).

effects of Vj;r. Neglect év(P;;) N )

o 1988 Wiringa-Fiks-Fabrocini FHNC-SOC-2* Calculations
Use Urbana and Argonne vy4 interactions with U-VII —V, ;. Strengths
Azr and Ap determined from approximate variational calculations of
‘He and FHNC-SOC-2* calculations of py. Neglect V3% and dv(P;))

e 1998 Akmal-Pandharipande-Ravenhall FHNC-SOC-2** Calculations
Argonne vg interaction—Fits Nijmegen scattering data base with x2 ~ 1

And U-IX —Vj;; based on exact GFMC calculation of ‘He and FHNC-
SOC-2* calculations of py.

Include 6v(P;;) neglect V37

1

e 2002 Morales-Pandharipande-Ravenhall FHNC-SOC-3 Calculations

In FHNC-SOC-3 calculations 2- and 3-body cluster contribution is exact

2> 4 are approximately summed by chain summation methods.
There are approximations in v™S and vauadratic 3_hody contributions.

Use Argonne vig + U-IX —V;j; as in 1998 calculations.
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Neutron Star Mass Density Profiles
Modelnr witn NealiXhc V k \:J\.e.o\acl- (< §
AyaaM (<€ 3%) chamge im RQ.cLUJ) on M menecunen
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21
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s 12F°
E -
09} A-V18 + U-IX + dv
B U-vi4 + U-VII
06 :— U-v,, - Density Dep.
03 A-V,, +U-VII
] ! I ! 1 ! ] s I L
o'%.O - 9.0 10.0 11.0 12.0 13.0
radius [km]
R (1.4 Mgy) Mpar R(Mpa:) Year
Uvy4 + density d. 10.9 1.85 9.5 1981
Avyy + U-VII 10.4 2.13 94 1988
Uvyg + U-VII 11.2 2.19 9.7 1988
Avig + U-IX +6v 11.5 2.20 10.1 1998

Note: U-v14, A-v14, and U-VII results are only
to illustrate the effects of improvements in models
of v;; and V.
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Sensitivity of Neutron Stars to E(p)

Let Real E(p) = E(p, A18+ év+ UIX)
and Test E(p) = 0.88 x E(p, A18+ dv + UIX)

Results for Neutron Stars

pc (po) | Mass [Mo)] | Radius [km] | Mpe. [Mo)]
Real | 0.59 1.404 11.17 2.20
Test | 0.55 1.406 11.49 2.14

A 12 % reduction of E(p) changes neutron star radii and

maximum mass by ~ 3 %

Comparison with Other Calculations

Muaz — pe R(Mmaz) pc (1.4) R(1.4)

Interaction Cale. [My]  [p]  [km] (o] [km|

Al8 Var.  1.67 1.1 81 7.0 82 Not
A18+8v Var. 180 94 87 5.1 10.1 Realgshc
A18+UIX  Var. 238 60 108 29  121)
A18+6v+UIX* Var.  2.20 72 101 3.4 115\ S
Paris + TNI BHF 194 83 95 4.0 11.1 |Realixke
Bonn A DBHF  2.10 6.7  10.6 3.1 11.7

Most Realirhe & Tenred.



Short Range Structure of the Deuteron : Test of v;;

&g \ S
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1. Argonne v;g gives correct deuteron at r > 0.7 fm (at least). (Q—A dontc
) ) ) SCW“’Q‘)
2. One-pion exchange potential persists at least up to 0.7 fm.

3. Supports existence of répulsive core with radius of ~ 0.7 fm.
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Tests of Relativistic Effects in A = 2,4 Nuclei

Include relativistic effects in Kinetic Energy and OPEP

Hp =3 (Vi +pf = mi) + ¥ [ + 60 (i) + ¥ Vi

i i<j i<j<k

~T / m ® m
pa(P, P) = W v™(q) W

fanN 0i-Q0; - qQTi - T
vﬂ(q) = - ﬂ2 “2 + q2 ’
1 Vig R

1 -
]+W[(01‘—02)Xp'p,v]

Compare results with those of

HNR—Z-——Vz + ZU,] + Y Vijk

i<j i<j<k
The év(P) accounts for most of the difference. Differences in the kinetic

energy and ¢ and v cancel. Note: Hr and Hypg are phase equivalent.

Choice of p? vs. L? in yauadratic

Wiringa et.al. (2003) constructed a A-vig,, in which L? operators in A-vg
are replaced by p? operators. No significant change in *He with U-IX —V;.

A-vig and A-vigp, are phase equivalent.

Niglgible ifferemce wa “He %, e S
O\A&\J{\-eé do we 3\-\ Lnengy .
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2002 Urbana Calculations (Variational) of Symmetric Nuclear

Matter with Argonne v;; and Urbana V;;, E(p) in MeV/A.

Density [fm™3) 0.08 0.16 0.24

1-b Tpe 139 221 29.1 Exact
2-b all —25.9 —43.7 —-56.2 7
3-b static 49 109 19.1 7
3b(L-S)+ >4ball -22 -1.7 +0.8 Approx.
(Eo — Ev) Pert. -06 -18 -33 7 W
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Danielewicz, Lacey and Lynch MSU (2002)
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P.n,o‘PQ,\)-.'ej; 63_, Neuwnor Stranns

Energy of Low Density Neutron Matter

The nn scattering length a ~ —18 fm

Low density means |kra| < 1 or p < 4 x 107 5pq
At densities of interest |kpa| >> 1

Dilute (range of interaction < ) superfluid Fermi Gases with |kpa| >> 1
have

3 2
1
E(p= :; ) = 0. 4413—056—— + terms of order kp—a

Nonrelativistic (Skyrme) and relativistic mean field EOS have

3kF

E(p= 37r2) + terms of order k. or p.
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Walter and Lattimer (2002)
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IS 1T
Pion Condensation in Neutron and Nuclear Matter?
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Implications of highest observed neutron star mass

Vela X-1 (M = 1.8713%M,) and Cygnus X-2 (M = 1.78 + 0.23M;) mass
measurements suggest that M,,,, > 1.7M, for neutron stars.

Models of QPQO’s suggest an even higher M., ~ 2.2M

The present “realistic” EOS (A-v;s+U-IX—-V;j; + 6v) gives
My = 2.2+ 0.1, close to the values indicated by present

observations

Any softening of the EOS due to exotic components in neutron star matter

will reduce the present estimate of M,,4..
Possible Exotica in Neutron Stars

e Quark matter or drops of quark matter : Nuclear matter

Pressure — pg; in quark matter Pressure — %,;pE at large p.

The transition to quark matter will take place BUT at what density?

Results for softening due to quark drops with the bag model EOS

B(MeV fm™3) 00 200 122
Minae(Mo) 22 202 191

e Hyperons, A, ¥7 ...

e Condensed Kaons

We do not know enough about the interactions between hyperons,

kaons and nucleons to make predictions based on many-body theory



Warning : If exotica has a small effect on the EOS it may not limit

Mimae

Example : Recent calculations suggest that pion-condensation may

have small effect on the EOS & Mmq,(
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Upper limit on neutron star masses

b

Obtained assuming that the matter is “maximally incompressible

(velocity of sound = c above a chosen density py)

0.0 L ! L AL
9.0 10.0 11.0 12.0 13.0 14.0

e Nuclear theory suggests pr > 2py : In regions of some nuclei (*He and

8Be for example) the p ~ 2py. AND Heavy-ion collision data analysis.
e pr = 3p gives M. ~ 2.5 M,

e Present calculations exceed maximal incompressibility limit at p = 5.4p9

by a negligible amount
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Outlook

1. Need Calculations with Illinois or better Vj;;

2. Verify that the many-body calculation of E(p) has < 10% error
Comparisons with exact (< 2% error) GFMC calculations of low density

(p < 1.5p0) neutron matter with Avg interaction (No vauadratic 5.,y V)
looks ok.

3. Thermal Properties of Dense Matter

Initial calculations with Urbana v14 + density dependent terms to mock up

Vijx were done in Urbana in 1981.

e The very low-temperature (T < 3 MeV) region : Has large many-
body effects due to superfluidity and effective mass enhancement.

Ideal Approach : Path Integral Monte Carlo

Liguid °He: A (dithewlt) exarmble
Fambori, VRP & Sonemidt PRL (1922)
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e Medium Temperature (4 < T < 30 MeV) : Currently believed to
be relatively simple; 1981 many-body techniques may be useful.

e High Temperature (30 < T < 80) MeV : Thermal pionic excitations

become relavent.

Mayle, Tavani and Wilson find that thermal pions help supernovae ex-
plode.

Generalize 1981 calculations of thermal pionic excitations in symmetric

nuclear matter to matter in supernovae

Use effective interactions obtained from realistic v;;+ Vi (Cowell’s talk).
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